what is known already: Endometriosis is one of the most common gynecological disorders and causes chronic pelvic pain and infertility in women of reproductive age. Altered expression of miRs has been reported in women and has been suggested to play an important role in the pathophysiology of several gynecological disorders including endometriosis. study design, size, duration: EuE was obtained from the same group of baboons before and 3 months after the induction of endometriosis. The altered expression of miR-451 was validated in the eutopic and ectopic endometrium of additional baboons between 3 and 15 months following disease induction. Timed endometrial biopsies from women with and without endometriosis were also used to validate the expression of miR-451.
Introduction
Endometriosis, the presence of endometrial glands and stroma outside of the uterine cavity, is one of the most common causes of chronic pelvic pain and infertility, affecting 1 in 10 women of reproductive age (Bulun, 2009 ) and as many as 30 -50% of patients with infertility (Eskenazi and Warner, 1997; Bulun, 2009; Giudice, 2010) . Several theories have been proposed to explain the etiology of endometriosis, but the most widely accepted hypothesis is Sampson's theory of retrograde menstruation (Sampson, 1927) , in which fragments of menstrual endometrium are refluxed through the Fallopian tubes into the peritoneal cavity (Giudice, 2010) . Although retrograde menstruation occurs in virtually all women, endometriosis is only diagnosed in 10% (Bulun, 2009) . Despite clear descriptions of endometriosis .100 years ago, the pathogenesis and pathophysiology of its major signs and symptoms remain poorly understood. A critical barrier to our understanding is that the disease has often been established for an average of 8-11 years prior to the time of diagnosis (Verkauf, 1987; Giudice, 2010) . Since practical considerations severely limit studies of early endometriosis in humans, animal models have been used. Only Old World monkeys and apes have menstrual cycles similar to humans, and they are the only species that develop spontaneous endometriosis. Moreover, the lesions seen in baboons are histologically identical to the human disease (Hastings and Fazleabas, 2006; D'Hooghe et al., 2009 ). Thus, a baboon model of induced endometriosis has been developed that closely mimics human disease and allows careful study of the pathogenesis, pathophysiology and time-dependent changes (Fazleabas et al., 2002; Braundmeier and Fazleabas, 2009; D'Hooghe et al., 2009; Fazleabas, 2010) .
MicroRNAs (miRs) are small, single-stranded noncoding RNA molecules 22 nucleotides in length that are transcribed from miRNA loci and function as repressors of gene function through mRNA cleavage and translational repression (Du and Zamore, 2005; Guo et al., 2010) . Multiple studies have suggested that miRs play roles in both benign and malignant disease of the human reproductive tract, and abnormal expression levels of miRs have been observed in several reproductive tract diseases (Wang et al., 2007; Marsh et al., 2008; Zhang et al., 2008; Burney et al., 2009; Chung et al., 2009; Ohlsson Teague et al., 2009; Zhu et al., 2009; Creighton et al., 2010; Nagaraja et al., 2010; Teague et al., 2010; Hawkins et al., 2011; Santamaria and Taylor, 2014; Braza-Boils et al., 2014; Traver et al., 2014; Graham et al., 2015; Mari-Alexandre et al., 2015) . Studies of miR expression (Burney et al., 2009; Filigheddu et al., 2010; Teague et al., 2010; Hawkins et al., 2011; Hull and Nisenblat, 2013; Nothnick et al., 2014; Graham et al., 2015) support the hypothesis that miRs are involved in endometriosis, but the function of aberrant miR expression in the pathogenesis of endometriosis has not been extensively investigated (Ohlsson Teague et al., 2009; Hull and Nisenblat, 2013; Okamoto et al., 2014; Cho et al., 2015) .
The objective of the present study is to identify which miRs are altered during the early stage of endometriosis and how the altered miRs and their targets contribute to the biological functions related to the disease. We have identified miR species whose expression was altered after endometriosis induction in the baboon model. We have validated altered expression in baboon and human tissue, focusing on miR-451 and its predicted target gene YWHAZ, which codes for a protein, 14.3.3z, that is known to suppress apoptosis, and enhance cell proliferation and invasion, all of which are hallmarks of endometriosis (Niemantsverdriet et al., 2008; Neal et al., 2009; Bergamaschi and Katzenellenbogen, 2012; Chen et al., 2012; Zhang et al., 2012; Murata et al., 2014) . A focus on YWHAZ as a target of miR-451 is further supported by our previous global gene expression studies demonstrating altered YWHAZ expression in the eutopic endometrium (EUE) of baboons with endometriosis as a consequence of aberrant phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) and mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) signaling (Afshar et al., 2013) . Finally, we investigated the functional consequences of miR-451 action in vitro.
Materials and Methods

Animals and induction of experimental endometriosis
All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Illinois, Chicago and Michigan State University. Endometriosis was experimentally induced in female baboons (Papio anubis) by i.p. inoculation with menstrual endometrium on two consecutive menstrual cycles, as previously described (Hastings and Fazleabas, 2006; Harirchian et al., 2012; Afshar et al., 2013) . This model allows us to study the progression of endometriosis by collecting EUE from these animals at various time points following the induction of disease.
Collection of baboon tissues
In the cycle prior to the induction of endometriosis, control EUE samples were obtained at laparotomy on Days 9 -11 postovulation (PO), i.e. the window of implantation. Endometriosis was then induced in the same animals by i.p. inoculation of autologous menstrual tissue on two consecutive cycles. Following laparoscopic confirmation of endometriosis, EUE samples were obtained on Days 9 -11 PO at 3 months postinduction of disease. At 15 -16 months following the second inoculation, the animals were euthanized on Days 9 -11 PO as required by the IACUC approval, which permits a maximum of four invasive surgeries, and a necropsy was carried out to obtain all of the associated reproductive tissues within the peritoneal cavity. Samples were snap-frozen in liquid nitrogen or fixed in paraformaldehyde for molecular and histological analysis (Hastings and Fazleabas, 2006; Harirchian et al., 2012; Afshar et al., 2013) . The lesions used in the present study were blue/chocolate or red colored harvested at 15 months postinduction of endometriosis in baboons as described previously (Harirchian et al., 2012) . Briefly, the abnormal peritoneal surface was grasped and elevated away from underlying tissues. An elliptical incision was made around the lesion with 0.5 -1 cm margins. Any deeper foci that were felt to be firm or fibrotic were also excised.
Patient samples
Collection of mid-secretory phase EuE using timed endometrial biopsies was carried out with the approval of Institutional Review Board protocols from the University of North Carolina (Chapel Hill, NC, USA) and the Greenville Hospital System (Greenville, SC, USA). Written informed consent was obtained from all women whose tissues were utilized in this study. EUE was obtained from the control women (n ¼ 7) and women with endometriosis (n ¼ 19). The ectopic lesions were obtained from the peritoneal sidewall and rectum of the women with endometriosis during surgery. The details regarding the day of their menstrual cycle, clinical history and the American Society for Reproductive Medicine (ASRM) revised score for disease severity are provided in Supplementary Table S1 . None of the women enrolled in the study were on any type of prescription medication and all were clinically healthy. Control samples were collected from two groups of women aged 18 -35 years with a BMI . 29 kg/m 2 . In the Supplementary Table S1 , women identified with an 'N' (N026 and N032) were from a group of paid volunteers who underwent an LH timed endometrial biopsy solely for research. Of the 'G' control group, three women (G173A, G212A and G214A) had no surgery, but two (G360B and G422A) had a laparoscopy for pelvic pain and were confirmed by pathological diagnosis not to have endometriosis. These control women did not have a history of more than one spontaneous pregnancy loss and were neither breastfeeding nor determined to have any uterine abnormalities, such as fibroids, at the time of collection of the tissues.
RNA isolation
For miR microarray experiments, RNA was isolated using the miRNeasy Kit from Qiagen, and RNA quality control was performed using the Agilent RNA 6000 Nano Kit and Bioanalyzer (Agilent Technologies, USA). For miR and mRNA quantitative RT-PCR (qRT -PCR) experiments, total RNA was isolated from the baboon and human endometrial tissues, endometrial epithelial cells (EECs) and endometriotic epithelial cells (12Z cells) using TRIzol reagent (Invitrogen, USA) as per the manufacturer's instructions, and RNA quality check was performed using NanoDrop 2000 (Thermo Scientific, USA).
MiR array
In the present study, we have used the human miR array (Agilent) as there is no baboon miR array available. In addition, recent studies have suggested that there is 90% similarity between human and baboon miR sequences (Karere et al., 2010 (Karere et al., , 2012 Cox et al., 2013) which further supports the use of the human array platform. For performing the miR microarray, RNA from the baboon EUE biopsies obtained before the induction of the disease (Control, n ¼ 4) and 3 months postinduction of the disease in the same animals (Endometriosis, n ¼ 4) was extracted using Qiagen w miRNeasy kit (Qiagen, USA). These RNA samples were then subjected to a quality check using the bioanalyzer thatshowed an average RNA integrity number of 7.0 + 0.5. An 8 × 15 K miRNA microarray (Agilent Technologies, USA) was used for the miR microarray. The signal data were preprocessed by AgiMiRna, a Limma package for R enrichment. P-values were determined by moderated t-statistic using Empirical Bayes model posterior variance estimates (Smyth, 2004) . The adjusted P-values were obtained after correction for multiple comparisons by the Benjamini -Hochberg procedure (Benjamini and Hochberg, 1995) . All the identified miRNAs that were significantly altered as a consequence of the induction of endometriosis were above 0.05. However, seven of them were altered by 2-fold and have an average expression .64 (Table I) (Feise, 2002) . Additionally, the fold-change values of miR-200a and miR-181a, relevant to endometriosis and transition into endometrial cancer (Boren et al., 2008; Gregory et al., 2008; Hiroki et al., 2010; Yang et al., 2011) , respectively, are also provided in Table I . The potential mRNA targets of differentially expressed miR-451 were predicted by online database TargetScan (http://www.targetscan.org/) Human 6.2 (Lewis et al., 2005; Grimson et al., 2007; Friedman et al., 2009 ).
qRT -PCR for mRNA and miR
For measuring miR transcript levels, 100 ng of total RNA was reverse transcribed using a TaqMan microRNA reverse transcription kit (Applied Biosystems, USA) as per the manufacturer's protocol. Following reverse transcription, miR-specific cDNA expression of mature miR was analyzed using TaqMan miR Assays (Applied Biosystems, USA) and TaqMan universal PCR master mix (Applied Biosystems, USA). The miR expression data were normalized using expression of endogenous U6 small nuclear RNA. For analysis of miR target expression, total RNA (1000 ng) was reverse transcribed using a High-Capacity cDNA synthesis kit (Applied Biosystems, USA) according to the manufacturer's protocol. After the cDNA synthesis step, cDNA and qRT -PCR reaction was carried out for miR targets using TaqMan gene assays and TaqMan Universal PCR master mix (Applied Biosystems, USA). Ribosomal protein S17 (RPS17) was used as an endogenous control for normalizing qRT -PCR data. All quantitative real-time PCR reactions were run for 40 cycles, and fold change was calculated using DDCt method (Livak and Schmittgen, 2001 ).
In situ hybridization
Snap-frozen eutopic endometrial tissues were sectioned to 10 mm thickness. In situ hybridization (ISH) for miR-451 was performed by modifying the method previously described (Nelson and Wilfred, 2009 ) and using double digoxigenin (DIG) labeled mercury locked nucleic acid (LNA) detection probes (Exiqon, Denmark) and IsHyb kit (BioChain, USA). Briefly, the sections were fixed in 4% paraformaldehyde in 1×phosphate-buffered saline (PBS, pH 7.4 -7.6). Subsequently washed and incubated in prehybridation solution for 3 h at a temperature 158C below the melting temperature (TM) of each of the mercury LNA detection probes. The hybridization mixture was applied to the slides and incubated for 12 -16 h at a temperature 208C below T m of the probes. Following this incubation, the slides were washed with SSC (saline-sodium citrate). Subsequently, the slides were incubated with 1× blocking solution at room temperature for 1 h and incubated overnight with 1:500 diluted anti-DIG alkaline phosphatase conjugated The miRs underlined have previously been reported to be altered in women with endometriosis (Burney et al., 2009; Filigheddu et al., 2010; Hawkins et al., 2011; Hull and Nisenblat, 2013) . The P-values were determined using empirical Bayes posterior variance estimates and adjusted P-values by the Benjamini-Hochberg procedure.
microRNA-451 in baboon model of endometriosis antibody at 48C. The next morning, the slides were then washed with 1× PBS and 1× alkaline phosphatase. Nitro blue tetrazolium (NBT)/ 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) solution was applied and incubated for 12 -16 h at room temperature in the dark. Next, slides were counterstained with methyl-green solution and rinsed with distilled water, coverslipped and analyzed under the microscope (Olympus BH-2).
Immunohistochemistry
Immunohistochemical staining for YWHAZ (Abgent, USA) and phosphohistone H3 (pH3) (Millipore, USA) was performed using formalin-fixed, paraffin-embedded endometrial samples. These sections (6 mm thick) were blocked using 10% normal goat serum in 1× PBS and then incubated overnight at 48C with serially diluted primary antibody (YWHAZ 1:50 and pH3 1:200) in blocking buffer. Subsequently sections were incubated with biotinylated secondary antibody for 1 h at room temperature and incubated with avidin-biotinylated horse-radish peroxidase (HRP) complex for 30 min and immunoreactivity visualized by diaminobenzidine (DAB) precipitation. Images were taken under ×40 magnification using Olympus BH-2 microscope.
Digital HSCORE analysis
Digital HSCORE analysis for YWHAZ protein was performed using image analysis software (Image J 1.48, National Institutes of Health, Bethesda, Maryland, USA) as previously described (Fuhrich et al., 2013; Su et al., 2015) .
Cell culture and in vitro target validation
Immortalized human ectopic endometriotic epithelial cells (12Z) were cultured using Dulbecco's modified Eagle's medium (DMEM)/F-12 (Gibco, USA) supplemented with 10% heat inactivated fetal bovine serum (HI-FBS; Gibco, USA), 1× Pen/Strep (Gibco, USA) and 1× sodium pyruvate (Gibco, USA) at 378C temperature under 5% CO 2 and 95% air (Zeitvogel et al., 2001; Banu et al., 2008) . EECs (Hombach-Klonisch et al., 2005) were cultured using DMEM/Hams F-12 (Gibco, USA) supplemented with 10% HI-FBS (Gibco, USA), 1× Pen/Strep (Gibco, USA) and 1× sodium pyruvate (Gibco, USA) at 378C temperature under 5% CO 2 and 95% air. Following optimization of parameters, Lipofectamine RNAiMAX (Invitrogen, USA) was used to transfect both EEC and 12Z cells either with 5 pmol of miR-451 mimics (Ambion, USA) or with 5 pmol of nontargeting negative controls (Ambion, USA), and RNA and protein were isolated after 24 h. To check the expression of miR-451 and YWHAZ transcript, qRT -PCR was performed. YWHAZ protein levels in the same cells were also analyzed by western blot.
Western blotting
Total cellular protein was isolated from the EEC and 12Z cells using radioimmunoprecipitation assay buffer, and protein concentration was measured using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific, USA). Equal amounts of protein extracts (30 mg) were subjected to electrophoresis through 10%, polyacrylamide gels containing sodium dodecyl sulphate and transferred to polyvinylidene diflouride membranes. Membranes were then blocked for 1 h in Tris-buffered saline (50 mM Tris -Cl, pH 7.6; 150 mM NaCl) supplemented with 0.5% Tween-20 and 0.5% Casein (Sigma-Aldrich, USA). Membranes were then washed and incubated with YWHAZ (Abcam, USA) primary antibodies overnight at 48C on a rocking stage. Following the overnight incubation, membranes were washed and incubated with HRP conjugated secondary antibody for 1 h at room temperature. Immunocomplexes were visualized by enhanced chemiluminescence (GE Healthcare Life Sciences, USA) according to the manufacturer's protocol. Protein expression was normalized with b-actin (Sigma-Aldrich, USA). Data were obtained from three independent experimental setups.
′ UTR luciferase assay
Human EEC were seeded in triplicate in 24-well plates and allowed to settle for 16 h. EEC were then co-transfected with 400 ng of pYWHAZ luciferase plasmid or mutated luciferase plasmid plus 50 ng pRL-TK renilla plasmid (Promega, USA) together with 400 ng of an expression vector for miR451 (Origene Inc., USA) or an empty control vector using Lipofectamine 2000 reagent (Invitrogen, USA). Culture medium was replaced after 6 h, and cell lysates was prepared 24 h after medium change, followed by measurement of firefly and renilla luciferase activities using the Dual Luciferase Reporter Assay Kit (Promega, USA), according to the manufacturer's protocol. Three independent experiments were performed, and data are presented as the mean + SD.
Cell proliferation assay
The 12Z cells were seeded into 96-well plates at a density of 5000 cells per well in quadruplets. At 24, 48 and 72 h posttransfection with miR-451 or negative control, 10 ml of MTS (Promega, USA) reagent was added to each well, and the mixture was incubated for 2 h. Following incubation, optical density (OD) was measured at 495 nm wavelength. The rate of proliferation was calculated as the percentage of mean OD of the control.
Statistical analysis
Differences in miRNA and gene expression between control and endometriotic eutopic and ectopic endometrium were compared following normalization against U6 and RPS17, respectively. One-way analysis of variance was used to test the null hypothesis of group differences, followed by Tukey test. For the in vitro studies, the miR and gene expression were normalized against U6 and RPS17 followed by the Student's t-test for pairwise comparison at a 95% confidence level (P , 0.05) between negative control and miR-451 transfected cells. We used Graphpad Prism 5.0 statistical software (GraphPad Software, Inc., USA) for analyzing the data.
Results
Induction of endometriosis altered the miR expression profile in EUE of baboons
To identify which miRs are altered in EUE due to the presence of ectopic lesions, we performed a miR microarray analysis using RNA isolated from mid-secretory EUE collected before and 3 months after the induction of the disease. Our results revealed that inoculation of the autologous menstrual tissue into the peritoneal cavity, mimicking Sampson's theory of retrograde menstruation, alters the miR expression profile in the EUE as early as 3 months postinoculation. The list of the altered miRs is shown in Table I . The miRs, which are bolded and underlined in Table I , have previously been reported to be altered in women with endometriosis, further validating our baboon model (Burney et al., 2009; Ohlsson Teague et al., 2009; Filigheddu et al., 2010; Hawkins et al., 2011; Aghajanova and Giudice, 2011) . In the present study, we have focused on miR-451 since it is significantly decreased in the EuE, and its role has only recently been studied in the context of endometriosis (Nothnick et al., 2014; Graham et al., 2015) . Further, recent studies suggest that miR-451 plays a role in murine embryo implantation, validating its importance in uterine biology (Li et al., 2015) . Moreover, studies in cancer tissues have reported a role for miR-451 as a tumor suppressor in multiple cancer types, where it has been shown to regulate cellular functions, including invasion, proliferation and apoptosis, all of which are the hallmarks of endometriosis (Godlewski et al., 2010a,b; Bitarte et al., 2011; Wang et al., 2011; Bergamaschi and Katzenellenbogen, 2012; Tian et al., 2012; Zhang et al., 2012) .
MiR-451 expression was decreased in eutopic and ectopic endometrium of both baboon and women with endometriosis
Our data suggest that miR-451 is significantly (P , 0.001) downregulated after the induction of endometriosis in EUE collected at 3 and 15 months and in endometriotic lesions collected at 15 months (Fig. 1A) . We also examined the expression pattern and localization of miR-451 during the normal menstrual cycle of disease-free baboons. The qRT -PCR analysis demonstrated a significantly higher miR-451 expression during the mid-secretory phase compared with proliferative and late secretory phase in normal baboons (Supplementary Fig. S1 ). We next examined miR-451 expression in mid-secretory human EUE collected from women with and without endometriosis. Similar to the findings in our baboon model, we observed a significant down-regulation of miR-451 in EuE obtained during mid-secretory phase from women with endometriosis compared with controls ( Fig. 2) .
To identify the cell-specific localization of miR-451 in mid-secretory phase EUE of controls and baboons with endometriosis, we performed ISH using double DIG-labeled probes. Our ISH data show that miR-451 expression is predominantly in luminal and glandular epithelium with limited expression in stromal cells of control animals. This expression is significantly decreased in the EUE at 15 months of disease ( Fig. 3A and B) Decreased miR-451 expression is associated with increased expression of its predicted targets in vivo
To predict potential targets of miR-451, we used TargetScan 6.2 software (Lewis et al., 2005; Friedman et al., 2009) , resulting in a list of 20 potential targets. We investigated altered mRNA expression of three predicted miR-451 targets, YWHAZ, CDKN2D and GATAD2B. Expression of each of the three targets was up-regulated in eutopic and ectopic endometrium of baboons with endometriosis compared with controls (Fig. 1B, C and D) . Further experiments were focused on the miR-451 regulation of YWHAZ expression and function, due to the reported role of YWHAZ in proliferation and anti-apoptotic activity (Wilker and Yaffe, 2004; Neal et al., 2009 Neal et al., , 2012 Neal and Yu, 2010; Zhang et al., 2012) .
Immunohistochemistry for the YWHAZ gene product (Fig. 3C and D) also revealed localization to the glandular and luminal epithelium, with a significant increase in staining in the EUE of baboons with endometriosis. Digital H-score analysis (Fuhrich et al., 2013) of YWHAZ slides also supported this observation and revealed a significant increase in YWHAZ as shown in Supplementary Fig. S3 . Immunohistochemical localization also demonstrated robust expression of the YWHAZ gene product in the epithelial cells of endometriotic lesions from baboon and women ( Fig. 3E and G) accompanied by strong expression of the proliferation marker pH3 (Fig. 3F and H 
MiR-451 regulates the expression of YWHAZ in vitro
Our initial in vivo analysis had demonstrated that miR-451 was expressed in the glandular and luminal epithelial of control baboons and following the induction of endometriosis the down-regulation of miR-451 was associated with an increase in YWHAZ in these cells. Based on these observations and to investigate the mechanism underlying the inverse relation of miR-451 and YWHAZ expression, a series of in vitro experiments were performed. We chose to use the EEC cells that are representative of EECs for the 3 ′ UTR analyses to confirm that miR-451 can directly target the YWHAZ mRNA transcript. Results show a significant (P ¼ 0.036) decrease in firefly luciferase activity in the EEC cells co-transfected with miR-451 vector compared with the empty vector (Fig. 4) . To confirm the specificity of the observed effects on 3 ′ UTR sequence of YWHAZ, we compared the effects of the wild-type 3 ′ UTR of YWHAZ with a 3 ′ UTR mutated (mut-YWHAZ)
at the likely miRNA interaction site. Unlike the wt-YWHAZ, luciferase activity from the mut-YWHAZ plasmid did not show a significant effect of miR-451 expression (Fig. 4) . Taken together, these data confirm a direct effect of miR-451 on the YWHAZ 3 ′ UTR.
Although the above 3 ′ UTR luciferase data suggest that miR-451 directly targets the 3 ′ UTR of YWHAZ, we wanted to evaluate the effect of miR-451 overexpression on YWHAZ expression. In this experiment, we transfected both the 12Z and EEC cells with either miR-451 mimics or nontargeting negative controls and found that the endogenous YWHAZ transcript and protein expression is significantly decreased in both 12Z cells (Fig. 5A -C ) and EEC cells (Fig. 5D-F) transfected with miR-451. Overall, these in vitro studies strongly support that the inverse correlation observed in vivo between miR-451 and YWHAZ expression is driven by a direct action of miR-451 on the YWHAZ transcript.
MiR-451 inhibits cell proliferation which is a hallmark of endometriosis
Our in vivo and in vitro data clearly demonstrated that decreased expression of miR-451 results in increased expression of YWHAZ. Immunohistochemical and Digital H-score analysis also suggested that YWHAZ increased along with a marker of proliferation, phospho-Histone H3, in eutopic and ectopic endometrial tissues from baboons with endometriosis compared with controls. We next wanted to examine the biological function of these changes in YWHAZ since it is known to increase cell proliferation (Wilker et al., 2005; Bergamaschi and Katzenellenbogen, 2012; Chen et al., 2012; Neal et al., 2012) . To evaluate this effect on proliferation, we utilized 12Z cells (endometriotic epithelial cells) since they have higher proliferation rate, low miR-451 ( Supplementary Fig. S2A ) and higher YWHAZ ( Supplementary Fig. S2B ) expression compared revealed that expression of miR-451 is higher in glandular epithelium (GE) and luminal (LE) epithelium compared with stroma in controls (A) however, miR-451 signal intensity is markedly compromised in GE, LE and stroma of eutopic endometrium of baboons with endometriosis (B). Inset figure x and y represents the nontargeting negative controls used for in situ hybridization analysis. Immunohistochemical analysis of YWHAZ revealed that in the eutopic endometrium of control baboons (C) YWHAZ expression is low in both GE and stromal cells compared with baboons with endometriosis (D). Ectopic endometrium showed YWHAZ staining in both baboon (E) and women (G) with endometriosis, and in the same section we also observed the signals for pH3 (marker for proliferation) for both (F-baboon; H-women). Inset figure x ′ and y ′ represents the negative controls (without primary anti-YWHAZ and anti-pH3) used for immunohistochemistry. with the EEC cells and transfected them either with miR-451 mimic or with nontargeting negative controls and performed the cell proliferation assay. 12Z cells transfected with miR-451 showed a significant (P , 0.05) decrease in their proliferation rate at both Days 2 and 4 compared with 12Z cells transfected with nontargeting negative controls (Fig. 6) . This in vitro cell proliferation assay result supports the hypothesis that miR-451 can inhibit endometriotic epithelial cell proliferation, paralleling the observed in vivo increased pH3 staining and decreased miR-451 expression.
Discussion
Endometriosis, the presence of endometrial glands and stroma outside of the uterine cavity, is one of the most common causes of chronic pelvic pain and infertility (Eskenazi and Warner, 1997; Bulun, 2009; Giudice, 2010) . While the existence of this disease has been known for .100 years, our current knowledge of the pathogenesis of the spontaneous evolution and the pathophysiology of the related infertility remains unclear most significantly, because women have had established disease for 8-11 years at the time of clinical presentation (Verkauf, 1987; Giudice, 2010) . Menstruating primates develop endometriosis, and over the past several years, it has become evident that the baboon is the most appropriate and clinically relevant model to study the pathophysiology of endometriosis (Fazleabas et al., 2002; Braundmeier and Fazleabas, 2009; D'Hooghe et al., 2009; Fazleabas, 2010) .
Identification of mechanisms involved in the early pathogenesis of endometriosis is critical to the development of improved methods of diagnosis and treatment. Using our baboon model of endometriosis, we have demonstrated that the presence of ectopic endometriotic lesions alters the EUE gene signature leading to phenotypic changes (Jackson et al., 2007; Braundmeier et al., 2010; Fazleabas, 2010; Afshar et al., 2013) . This notion is well supported by the observation that surgical removal of endometriotic lesions and treatment with GnRH analogs improve the pregnancy outcomes in a subset of women with endometriosis (Lessey and Young, 1997; Surrey and Schoolcraft, 2003; Littman et al., 2005) . We and others have also confirmed that these phenotypic changes are also evident in baboons with disease (Braundmeier and Fazleabas, 2009; Fazleabas, 2010) . The mechanisms driving these phenotypic changes which occur in both the EUE and ectopic lesions are not clear. In the present study using the baboon model, we have shown that the induction of endometriosis leads to significant changes in the expression of several miRs within 3 months, of which miR-451 was the most highly down-regulated ( 15-fold) in the mid-secretory phase compared with controls. Quantitative RT-PCR analysis confirmed that miR-451 was down-regulated in the EUE of baboon and women with endometriosis during mid-secretory phase compared with controls. The decrease in miR-451 expression leads to significant increases in the mRNA expression of its predicted targets CDKN2D, GATAD2B and YWHAZ. YWHAZ protein was also significantly increased in the glandular epithelium of eutopic and ectopic endometrium of baboons with disease where miR-451 expression was decreased. In vitro 3
′ UTR luciferase assay results demonstrated a significant reduction in luciferase activity for YWHAZ in the cells transfected with the miR-451 expression vector compared with control, confirming YWHAZ as a direct target of miR-451. Also the cell proliferation assay results showed that miR-451 mimic transfected 12Z cells resulted in a significantly decreased proliferation rate compared with nontargeting negative control. Thus, our current findings suggest the possibility that an increased expression of YWHAZ mediated by miR-451 down-regulation is responsible for the increased cell proliferation and decreased apoptotic response associated with endometriosis. The decrease in miR-451 in the ectopic lesions observed in our study compared with the increase in endometriomas reported by Hawkins et al. (2011) could be attributed to the fact that our analysis was limited to the peritoneal disease. In addition, we showed that at 15 months of the disease, the ectopic tissues have a higher expression of miR-451 compared with EUE at the same time point; however, this increase was not statistically significant. It is evident from the literature that miR-451 functions as a tumor suppressor, and its down-regulation is associated with poor prognosis in several cancers including endometrial cancer (Lawrie, 2007; Bandres et al., 2009; Cohn et al., 2010; Godlewski et al., 2010b; Wang et al., 2011; Bianchi et al., 2012) . Overexpression of miR-451 significantly reduced levels of YWHAZ transcript and protein in both 12Z and EEC cells. We next evaluated the effect of miR-451 on proliferation rate using 12Z cells (endometriotic epithelial cells). 12Z cells transfected with miR-451 mimics showed a markedly decreased proliferation compared with nontargeting negative controls transfected 12Z cells. Previous studies have also reported that overexpression of miR-451 in QGY-7703, Hep3B and MCF-7 cells greatly reduces YWHAZ expression and inhibits the cell proliferation, which further supports our hypothesis that the increase in YWHAZ contributes to the increased proliferation associated with endometriosis (Bergamaschi and Katzenellenbogen, 2012; Zhang et al., 2012) .
PI3K/AKT and MAPK/ERK signaling pathways are reported to be altered in women with endometriosis (Velarde et al., 2009; Yin et al., 2012; Eaton et al., 2013) . Additionally, based on the baboon gene array results, our laboratory has previously reported changes in eutopic endometrial gene expression during the progression of endometriosis, and subsequent pathway analysis revealed that a number of PI3K/AKT and MAPK/ERK pathway genes are modulated including ′ UTR of YWHAZ is a direct target of miR-451. The luciferase construct containing wild-type 3 ′ UTR of YWHAZ or mutated 3 ′ UTR of YWHAZ was co-transfected with either miR-451 or empty vector plasmids in endometrial epithelial cells along with renilla plasmid (internal control). The luciferase data are normalized with the renilla and presented here as mean values of three separate experiments with SD (*P , 0.05).
microRNA-451 in baboon model of endometriosis YWHAZ (Afshar et al., 2013) . Other studies have reported that miR-451 inhibits the PI3K/AKT pathway in human glioma via CAB39 protein and suppresses cell proliferation (Nan et al., 2010; Tian et al., 2012) . However, the pathway by which the decrease in miR-451 enhances cell proliferation in both eutopic and ectopic endometrium as a consequence of endometriosis is unclear. In the light of available literature and our previous gene array data, we hypothesize that miR-451 may increase cell proliferation as a result of aberrant PI3K/AKT or ERK/MAPK pathways (Eaton et al., 2013 ). An alternate mechanism by which the decrease in miR-451 leading to an increase in YWHAZ expression to inhibit apoptosis and promote proliferation is by YWHAZ binding to and stabilizing nuclear b-catenin to modulate the expression of its target genes . The Wnt/ b-catenin signaling pathway is aberrantly activated in both eutopic and ectopic tissues of women with endometriosis (Matsuzaki et al., 2010; Matsuzaki and Darcha, 2012) , but the mechanism by which b-catenin is translocated to the nucleus and protected from degradation is unknown. We observed increased nuclear accumulation of b-catenin (data not shown), along with YWHAZ, in endometriotic lesions from women and baboons. We hypothesize that the increase in YWHAZ in endometriotic tissues stabilizes b-catenin and translocates the complex to the nucleus to activate aberrant b-catenin-dependent transcription in endometriotic tissues. Our current studies are focused on testing this proposed hypothesis and in identifying the mechanism by which the increased expression of YWHAZ regulates b-catenin function and contributes to the pathophysiology of endometriosis. Our studies reveal a crucial role for miR-451 in regulating the expression of genes involved in cell proliferation and the inhibition apoptosis, which are physiological responses associated with the pathophysiology of endometriosis in both baboons and women.
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